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s SECTION I
[}
. INTRODUCTION

b A. OBJECTIVE

~ The Air Force has a need to measure the levels of HC1
gas produced by NASA's Space Transportation System (STS)
over long atmospheric paths. Current point sampling techni-

? ques have several disadvantages, such as requiring deploy-
’ ment, collection, and analysis of a large number of samples.

§‘ Novel techniques for real-time HC1 monitoring devices are

4; sought,

(-

? B. BACKGROUND

E The STS 1is launched by two solid rocket boosters and

three liquid propellant main engines. These solid rocket
motors have been observed to produce large quantities of

- hydrogen chloride vapor (References 1-3) which can be
b hazardous to animals and plants when present in sufficient
{¢ quantities. With the expected launch of the STS from
Vandenberg Air Force Base (VAFB), California, the problem is
magnified by the site meteorology and the presence of

7
“: civilian population centers downwind of the launch site.
:3 The need, therefore, exists to measure the concentration and
5y

] distribution of HCl in the exhaust cloud.

.

' C. SCOPE

'.l

> The present effort is a study of the feasibility of
' combining a techinique known as Gas Filter Correlation Spec-
v troscopy (GFCS) with infraved imaging technology to monitnr
;: HC1 wvapor. This report describes the results of the study
¢

o as well as providing potential designs for a fieldable
!

Sys .

i ystem

! ):
o
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4.

>3 SECTION II

il THEORETICAL DEVELOPMENT

%

"y A. DESCRIPTION OF EMISSION AND ABSORPTION MODE OPERATION

;% Gas filter correlation approaches to the problem of HCl
i detection may involve operation in either emission mode or
Eg absorption mode. Figure 1 illustrates the general configur-

;:: " ation of a gas filter correlation spectrometer (GFCS) sys-

iﬁ tem, with the major sources of radiance. The principal

" ) difference between these two modes of operation is whether
b the radiance passing through the HCl cloud from a background
! source is sufficiently large so that contributions due to

) path radiance may be neglected. If this is true, then HC1
b absorption is detected by the system and calibration of tne

;ﬁ system is greatly simplified. Otherwise, HCl emissions are

ﬁi the principal source of modulation detected by the system.
o

. B. EMISSION MODE OPERATION

;* For detection of HCl in emission mode operation, no

£t§ source of radiation other than the HCl1l cloud and the ambient

ES atmospheric background 1is present. The radiance detected

A with the reference cell in place is given by

b - Lref = Lp+ Tp(Li+ T1i(Lp+ Tplp)) (1)
[

%

et where

=

5ij Lev Ly Lp, Ly, = radiance from reference cell, intervening
o atmosphere, plume and background, respec-
; tively

x

?- Cpr Tjr Cp = transmittance due to reference cell, in-
. tervening atmosphere and plume, respec-
‘& tively.
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The corresponding radiance detected with the correla-
tion cell in place is

Leor = Lot T (Lj+ Ii(Lp+ rpr)) (2)
where

Lc' T = radiance and transmittance due to the

correlation cell.

All quantities in the above two equations are implicit-
ly spectrally dependent. The modulated radiance in emission
mode is computed from the band-average correlation cell and
reference cell radiances:

Lnoa = Lcor Lref
(3)

= L —Lr+f { tc- Tr) (Li + Ti (Lp+‘(p Lb))dv
where the notation L denotes band-average radiance

Since the first two terms are not dependent on the
quantity of HCl in the plume, they may be combined into a
constant offset term which is a function of the correlation
cell and reference cell properties (temperature, HC1l partial
pressure, cell length). The path radiance introduced by
atmospheric constituents present in the reference cell will
normally bhe insignificant.

The instrument is balanced by adjusting the amplifiers
s0 that the signals are equal when there is no HC1l present
in the path. I1f HCl is present in the path, the radiance
detected through the reference cell will be increased while
the radiance detected through the correlation cell will be
relatively unchanged.
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C. ABSORPTION MODE OPERATION

In absorption mode operation, only the background, or
source term, is significant. The modulation signal detected
by a GFCS operating in absorption mode is calculated from

T~ T T (4)

where

]

band~average transmittance through the atmos-

ac pheric path and correlation cell.
?a = band-average transmittance through the atmosphere
?c = band-average transmittance through the correla-

tion cell

The band-average transmittance through the correlation
cell is measured by adjusting the gain applied to the de-
tect2d signal when the reference cell is in place and there
is no HC1 in the path so that the amplified signal is equal
to the signal when the correlation cell is in place. 1f
there is HCl in the path, the band-average transmittance
through the atmospheric path and correlation cell becomes
greater than the product of the band-average transmittances
through the correlation cell and atmosphere. Figure 2 il-
lustrates an idealized case. Note that if absorption in the
atmospheric path is not correlated to the absorption of HCl
in the gas cell, no modulation results.
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R SECTION I1I

K MODELING GAS FILTER CORRELATION MODULATION

i

;:" A. SELECTION OF SPECTRAL BANDPASS

:ig The tundamental absorption pand of HCl occurs in the
?: 3.4 um region. Table 1 lists absorption line parameters for
k’ ) HCl as compiled in the Air Force Geophysics Laboratory
§; (AFGL) 1980 Trace Gas Line Parameter Compilation (Reference

. 4). Of tne lines listed, only those lines from P(9) to R(?)

f?‘ have sufficient strength to contribute significant modula-
'% tion. Using the AFGL Fast Atmospheric Signature Code

-
x

(FASCODE) (References 5 and 6) version 1B, calculations ot

transmittance through a 10 km midlatitude summer atmosphere

and a 10,000 parts per million-meter (ppm-m) HCl column were

>t

pertormed. One ppm-m HCl corresponds to an HCl concentra-

PR .

o At

tion of 1 ppm integrated over a 1 m path. These transmit-

tance spectra were superimposed to allow a preliminary se-

‘2 lection to be made of HCl absorption lines which were likely
jﬁ to provids significant modulation while remaining free from
D_ interterence due to atmospheric gases. The complete trans-
i} mittance spectra are presented as Appendix A.

‘E: Due to relatively strong atmospheric absorption for
sg ) frequencies greater than 2950 cm'l, only those lines from

P(8) to R(2) appear likely to provide useful modnulation. In

tact, to minimize interference by absorbing atmospheric

jJases, a bandpass extending from 2690-2870 cm'1 appears to
ne optimal. This bandpass would include all HC135 and HC137

M} lines trcom P(1l)-P(8).

-

f; Althongh the AFGL line parameter compilation is the
f: most commonly used data base for atmospheric applications,
} the possibility exists for incorrect 1line positions and
L) . n . . .
- strengths, particularly for regions relatively free of
IR

:i

ii'

K

»

o 9

4,

an

R

!

S S S e B e e e e D R il




o TABLE 1. HC1l ABSORPTION LINE PARAMETERS AS COMPILED BY
THE AIR FORCE GEOPHYSICS LABORATORY (REFERENCE 4).

N
A
u
"'h
:‘,2' wavenumber Strength Halfwidth Grounda State Designation Isotope
Masa {em-1) (em-3) Energy
g 2514.7532 B8.77BE-24 0.0135 2471.1787 P(15) HC1 Y
Y 251€.2700 2.656E-23 0.0135 2475 .458 P(15) HCY ¢
N 25427251 3.565€-23 0.C13% 2166.084 P(14) HC1Y -
o 2544 .2800 1.081E~22 ©0.013S 2169.306 P(14) MHC1 3t
: 2570.2681  1.309E-22 0.0135 1879.923 P(13) HC1Y -
A 2571.868¢ 3.979:-22 ©0.0135 1882 723 P(13) HC1:s
2597 .37€2 4.343E-22 0.0145 1613.475 P{12) HCY
2599 0220 1.322E-21 0.0145 1615.882 P(12) HC ot
2624 .0298 1.298E-21 0.0172 1366.901 P(11) HC12®
2625.7261 3.959E-21 0.0172 1368 .943 P(11) HC12s
‘ 2650.2275 3.490E-21  0.0204 1140.349 P(10) HC1 " .
R 2651.9670 1.066E-20 0.0204 1142.054 P{10) HCY+
A 2675.9614 8.420E-2%1 0.0247 933.954 P(9) HCV17°
'$~_ 2677.7329 2.576E-20 0.0247 935.352 P(9) HC128
2701.1921 1.817E-20 0©0.0337 747.842 P(8) HCi?°
2703.0081 5 . 568E-2C 0.0337 748.963 P(8) HC17*
KX 2725.9214 3.496E-20 0.0412 582.12¢% P(7) HC13 -~
e 2727.7800 1.073E-18  0.0412 582.998 P(7) HC1 3¢
) 2750.1311 §.9626-20 0.0543 436.902 pP(6) HC1? "
O 2752 .034¢ 1.831E-18  0.0543 437.558 P(6) HCY ¢
d 2773.8240 B.942f-20 0.0642 312.262 P(5) HC1?”
! 2775.7610 2.749E-18  0.0642 312.731 P(5) HC13 ¢
¥ 2796.97C9 1.164E-18 0.07985 208 .280 PLa) HC1> "
2798.9431 3.581E-19  0.0795 208.593 P(4&) HC12s
fqg 2819 5588 1.285E-19 0.0920 125.018 P(3) HC: "
1 2821.5691 3.955E-19 0.0920 12%.20€ P(3) HCY "
‘h 2841 .5864 1.139E-19  0.0952 62.528 P(2) HCY "
0~ 2B43.625C 3.508E-19 0.0952 €2.622 P(2) HC13*
o4 2863.0244 € .845£-20 O.0967 20.847 P(1) HC1?®
el 2865.0879  2.108E-19 0.0967 20.878 PL1) HC12%
A, 2904.1128  7.294E-20 0©.0967 0.0 R(0O) RN
2906.2471  2.247E-19 0.0967 0.0 R(O) HC) s
g 2923.73C7 1.284€-19  0.0952 20 847 R(1) HC12 "
) 2025 .8970 3.985E-12 0.0852 20.878 R(1) HCY s
; 2942.7246 1.555€E-18  0.0920 62.528 R(2) HC13*
g8 2944.9141 4.78BE-19  0.0920 62.622 R(2) HCY s
2961.0701 1.502€E-19 0.0795 125.018 R(3) HCYY®
o 2963 .2849 4.622E-18 0.0795 125.206 R(3) HCY 2+
h 2978.7539 1.229€E-19 0.0642 208 .280 R(4) HC12”
J ' 2981.0000 3.7B1E-18  0.0642 208.593 R{4) HC13
i 2995.7815 8.735E-20 0.0543 312.262 R(5) MC13 "
W, 2998.0471 2.685E-19 0.0543 312.731 R(5) HC13®
; ) 3012.1257 §.460£-20 0.0412 436.902 R(6) HCY s -
ﬁ? 3014.4131 1.677E-19 0.0412 437.558 R(6) HC12
4t 3027.7729 3.025£-20 ©0.0337 582.125 R(7) HCYY
p? 3030.0869 9.282E-20 0.0337 582.998 R(7) HC1 3 -
B 3042.7253 1.494E-20 0.0247 747.842 R(8) HCY® "
k 3045 0591 4.579E-20 0.0247 748.963 R(8B) HC13®
e 3056.9690 6.604E-21 0.0204 ©33.954 R(9) HMC13
Ly 3059.3169 2.021E-20 0.0204 935.352 R(9) HC: 2 .
X 3070.491C 2.619E-21 0.0172 1140.349 R( 10) HC1Y
3 3072.8501 8.003E-21 0.0172 1142 054 R(1O) HCY ™t
24 3083.2725 9.344E-22 0.014% 1366.9C1 R(11) HC1 Y
b 3085 6499 2.851E-21 0.0145 1368.943 R(11) HC1t
e 3098%.3293 3.005£-22 0.0135 1613.475 R(12) HCY "
3087 .7041  9.152€-22 0.013% 1615 882 R{12) HC:*
— 3106 6125 8.729€-23 0.013% 1872 .823 R(43) HC1
£ ., 3109 0039 2.653E-22 0.0135 1882 .723 R{13) HC1 s
L 3117.1450 2.293E-23  0.0135 2166 .0B4 R{14) HCi
" 3119.5400 6.956k-22 O 0135 2169 .306 R(14) HC
o 3126 88943 5§ 459F-24 0.0135 23471.787 RI18) HCY?
. 3129 3030 1.652£-23 0.0135 2475.458 R{ 15} HC1 ¢
a 2135 B750 1.179E-24 0.0135 2796 .848 R(16) HC1 -
3138 2830 3 .560tE-24 0.0135 2800 .986 R{16) HC1 7
"
My
Y
: 10
‘l‘.l
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i
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strong absorption lines. OptiMetrics has observed such line

pnsition errors in a previous study involving gas filter
corcelation spectroscopy for HE detection (Reference 7).
Since relatively minor errors in line position can result in
sizable amounts of unexpected interference modulation, an
attempt was made to verify the long-path transmittance pre-
dictions of FASCODE. Long-path (5.08 km) transmittance data
obtained by Dowling et al. (Reference 8) for humid midlati-
tude summer conditions indicate that most of the HCl lines
trom P(l) to P(8) are free from interference. Figure 3
indicates the positions of the HCl1 lines superimposed on the

measured transmittance spectra.

Based on these calculations, two interference filters
were selected trom a catalog of otf-the-shelf filters. The
spectral response tracings of these tilters are provided in
Figures 4 and 5.

B. MODULATION FROM EMISSION MODE OPERATION

The molulated radiance resulting from emission mode
operation was calculated  assuming a uniform HCl cloud 1 Xu
in diameter. The concentration of HCl gas in the cloud was

assumed to be 1 ppm and 10 ppm for the two preliminary cases

1)

considered. A midlatitude summer environment (T
291 X, PHqO = 14.3 torr) was assumed. The background path
was assumn@d to be an B80-deyree zenith angle slant path to
space, with clear atmospheric conditions. Butween the HCl
cloud and the GFCS instrument a 1 km attenuating atmosphere

was assumed,

For the preliminary study, the HCl in the cloud was
assumed to be at a temperature of 300 K. The correlation
cel! contained 2 atm-cm of HCIl. This was considered an
optimistic test of the estimated conditions expected to be
encount=red in an actual tield test.
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8 The results of the calculations of modulated radiance
R are displayed in Table 2. ‘These calculations were performed
"‘ H . . . :
! usingy transmittance and radiance spectra computed usin)
g: FASCODE 1B.

'

"a C. MODULATION FROM ABSORPTION MODE OPERATION

s

' -

zq Calculations were performed using FASCODE to obtain
“) . - . . . .

.} absorption coetticients for HCl in gas cells, HCl at typical

- atmospheric conditions, and atmospheric gases. Calculations

35 were perforined for HCl in gas cells assuming 1 atm pressure
iﬁ and temperatures from 257 K to 373 K. Calculations for HCl1
-ﬁ at typical atmospheric conditions corresponded to 1 ppm
C concentration for a 1 km path at 257 K, 294 K, and 300 K.
x Atmospheric absorption coefficients were calculated for a
53 standard sub-Arctic winter model atmosphere, a standard
. tropical atmosphere, and midlatitude summer atmospheres with
t water vapor concentrations ot 5 torr, 14.3 torr, and 20
10 torr.

L

%f For the purpose of obtaining modulation estimates,
7_ absorption coetficients were calculated for frequencies from
ia 2630-3120 cm~! at increments of 0.U2 cm~l, Modulation es-
N timates could then be obtained by specifying the filter
§j ‘ nandpass, correlation cell length, atmospheric path length,
,T HCl concentration in parts per million, and the appropriate
i. set of absorption coefficients. These estimates assumed
?% that the absorption coetficients calculated from the stan-
‘&; dard set of conditions could be scaled up or down to corres-
&T pond to the appropriate column density tor the absorbing gas
;_ ot interest. It was also assumed that there 1is uniform
s system response over the filter bandpass.
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TABLE 2. CALCULATION OF MODULATED RADIANCE IN EMISSION
MODE OPERATION.

Radiance (uW/cm’-ster)

L R R Y R Y P R Y P R R P Y Y P R P L L R PP T L Y Ty

HC1 Column
Density (ppm-m) Correlation Cell Reference Cell  Modulated
0 3.226 2.853 ]
1,000 3.354 3.074 .093
10,000 3.394 3.272 .755

Conditions: 2690-2850 cm~l handpass
Correlation cell 2.0 atm-cm HC1, 294 K, 1013 mb
Midlatitude summer background
80° zenith angle, 300 K plume
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s

o

e

. 1. CORRELATION CELL HCl1 CONCENTRATIONS

e

,': Modulation calculations assuming a 1 Kkm path
%éﬁ through a standard midlatitude summer atmosphere at 3ea
; level were performed to estimate modulation levels which

would be obtained using various different correlation cells.

Modulation will vary with the HCl column density in the

T -
CSSAEY

correlation cell and the temperature of the cell. For the

first set of calculations, the HCl column density was varied
- trom 0.25 atm-cm to 2.0 atmm-cm. The temperature and pres-

?d{ sure of the HCl in the correlation cell were assumed to be
o 294 K and 1013 mb, respectively. Note that 1 atm-cm of HCl
 ﬁi corresponds to a column density of 10,000 ppm-m.

({' Estimated modulation is plotted in Figures o and 7
i&? as a function of HCl column density for midlatitude summer
3{: conditions and various column densities of HCl1l in the cor-
e relation cell. Since each GFCS has a minimum detectable
1 modulation which depends on the noise of the instrument, the
aii sensitivity of a given GFCS is improved through use of cor-
’rs relation cells with larger HCl column densities.

¢ Varying the temperature of HCl in the correlation
‘E% cell aftects the modulation in two ways. First, since the
E:? molecular number density of any gas is inversely proportion-
:E& al to temperature, as temperature increases the number of
;‘v HCl1 molecules in a given cell at 1 atm pressure decreases.
1}3 . Second, the HCl absorption lines broaden at higher tempera-
iﬁ tures. For 1 atm pressure and temperatures near 300 K,
} Lorentz ({pressure) broadening dominates, however. There-
- fore, the ftirst effect is in practice the only one which
Sgi need ve considered.

3; Figures 8-10 display the results of modulation
o calculations for various correlation cell temperatures using
i thcee different bandpasses.

3

2

;;".t: 17

LI TS A RF L LIRS RS S 0t 03 37 SRS S I N I e R

L Y e T P . e
N - -~

SRS T AN

() o e )

O 200 e i e o




*20UD123I183Ul Op
/SUOT3TPUO) IdUWWNS SPNITIBTPTW ‘1_WO 0L8T-0LLT ssedpueg

:SUOT3TPUOD °TISD UOTILISII0D UT [DH JO SjUnOWY SnotIeA

oooot

103 K3Tsuag uwniod TOH JO UOT3IdUNg B Se UOTIRINPOKW

(w—-wdd) Ajsua@ uwino) IOH

0008 0009 000t 000¢

‘g9 sanbtg

a4 _A 4 — A - — _
4 $ 4 s o 4+ b $ + 4 + -+ 4+ o
1 l | | I 1
Aﬁ 4
.j JV
A' -
Sam—— e — TL
+ \\\\\ <+
\\‘\\\\.\ 1
P
T - -— \\\ ’ 4 \q
Lv o — \\\\ \ -« [)
- - ———
= e — — — — - \\\\\ \ s N w
L_v|lv — — \\\\ \\ < o
- - d
\\\\ \ \ ﬁ p
1 \llt\\\\ - 1 ml
4 \l"\\"\ \ o
f \““‘\ \ 4 b w
JWI"‘\\I \ ———— [O¥] mo
<+ \ -, 4+
e S
1 — — P T
T - wo—w P o = e = —| T
X \ _ - 1
) =gl .- wo—wip 0'l 1 .
Jﬁ — - - EO'E’O m.c lllllllllll 4
1 - Wo-ujp 62°0 — — — —| |
- [
1- - Wwo--wip 10 4
b 4 .
et —— -
| | | |
g o R e eTILIA 3 s B o o e
1R VYV Soweyily MURKRAI\JNARDININ. PIRARIRS ) SEAPISS o SR R

18

R o e R b

- J..'IJ.Iy

Ead® ol

\l!‘.u‘j,.gé.ﬂ!i 'w'o 15 0

Q
WY,

-

NI

AW
“'

L "', A "
¥ iR

‘L
‘»-"i v

Pt

. L S N P S S I T
.na ."'1.',

.
"ot

. "“.'.‘r"s‘{",-". o

>

KN

o -¢.,.
o N "

P ‘.’P{F*
AR A0

r
s
L3




+30U3I93a93UI ON
‘yoT3TPUO) IBUMNS IPNITIBTPTINW ‘' wo gpez-9087 ssedpueg
:SUOTITPUOD *[[9D UOT3IRTDIIOD cﬂamom JO sjunouy snotiep
103 A3Tsuaq@ uwnioD TOH JO UOT3IDUNJ B SB UOTIBIRPON L @anbig

(w—wdd) Aysue@ uwnie) 10H
oooot 0008 0009 (0100} 4 000¢ 0
|

U e I U S Y PUP Y - A a 5 r A b, Py o
v \j v v v A lﬂ v 4 v — - v v — - 14 v
<+ &
L uv
Lﬁ ﬁ
T 7
amse— \\\ e b
3 \ \\\\ ’ +
L 4 a— \\\ \ Af [}
w— s —
T — -’ s 4
> — ety 4 T N
——
L —— — —— — \‘\\\ L4 — ~N
F—— et 3 1
+ l\l\l\\\\ \ ~ .4 o
<+ tlll|l\l| e ‘ % c
"l“l" \ —
—— \ » J,ll w n
L 4 \ \ d o
\ — - 4 3
* \ - Aﬁ
L‘\ - - wo. >
. - — ll§ ° N — = w—— o 4
- -——o -—— L J
1 - - EO'% 01° lllllllllll 1
it Wo—unp ¢20 — — — —| 1
1 wo-wp |°0 1
- E 3
— e o
| i A |
.
Ay N AT g e e R [y s " AT I By Ay Ry Ay S R e PP T . 4 O ey o o LR R ot e e ot Pt L e
.an A Ao o o “ - R - AP Y Sy MM e S Tl e LN RS -nt..d YT P b, A, AL - e - - h
o Tt O Bt TECISOUN0ONEN Deittse ) inanhne - R e A PERRERS

R P e e e e AN,
y ACHERGHEN AW -

SN

L

ST
{ I,

RRT

s

Ve et e,
IR B

NI A S D
_“_.4‘.,.”‘&-\

Tk

ATy

MR

t
A
40
T Vs,
Ny n'! AN

W,

-
)
}
s
X

Y,



|

P

padatotey ko dntel

%

S

&

*TT®D uoTjelaxao) ul [OH
‘yjed otaaydsowiy wy [

wo-w3je [ ‘ssedpueg ,_WO (058Z-069C
$ SUOT3TPUOD .Hamo UOT3RI®II0) UuT TOH JO saanjeaadusy
jua19331@ @91yl 103 A3Tsuag uwnTod TDH SNSIdA UOTIRINPOW ‘8 2INbPTd
AysuaQ uwnjod |OH
‘00001 ‘0008 ‘0009 ‘000¢ ‘0002 ‘0
-+ -4 + ! + { +— $ + o
Ll | | 1 O
#v #.
A 0L -~~-=mmm=-- R
-T- A2 — — — — |4l o
T
pa— ..L
=
47
-4 “
o
1 I
- —
B o
T T
— — -+ | + | + | + o
| | { | o
oo e e A

(%) uonoinpopn

20




119D uoT3e[dII0D UuT IDH

wo-wie | ~mmmmocmm wo 0,.8g-0LL7 ‘yYIed orasydsowzy wy T
:SuUoT3ITPUOD HMU uoT3jeraIio) ut IDH 3JO saanjeaadwsl

3u219331Q 221y 103 A3Tsus@ uunio)d TDH SNSiId)\ uoTIeINpPOW 6 aanbpid

Aysuag uwnjoy [OH

‘00001 ‘0008 *0009 000V ‘0002 0
; . | . | . J . ©
T _r N | — 1 ' ] + (&)
‘ o
=
P ~
o c
8
. =
' 3
° 8
+
o
o
(@]

ar
%
‘v

.v.
Ay
\-

L
e
5

o

-
3

I \

R %
" \

X" X" ) ..

Lo T A DONNYNS — PRI E] SRR | SISl (S ABAANS
</.\. e STAIROA, -»&\-KK‘&N-F-..‘\-&»\& ..\du‘l‘\l.l h \\\} -h-..-

- o, b 4 p A -4 -oy A '




*I120 uotje[aixo) ut TOH

wo-w3je | ‘ssedpued |.WO 8v¥6Z-908C ‘ysed orasydsowzy wy T

:SUOT3TPUO) -8 UOTILT3IIO) UT TOH JO saanjeradusy
3ua12331g 991yl 103 L3ITsSuag uWNTOD TOH snsiap UOTIeTNPOW ° 01 aaubtd

AysuaQ uwniod |OH

*0000! ‘0008 ‘0009 *000+ ‘0002 "0 -
N | A | . {
0 | i | Y C
$
N —— i
- N 462 — — — —
A €L2
>
N g a
o €
Q
=
-
° 8
»
o
o
o

. . ey . i i .
PRI - ST P o v WA - X i a-g s




Lrnt

R

e

Yay

S0y

k10

i&z

9o

NQ; 2. INTERFERENCE CALCULATIONS

¥

) b .

§ N Modulation may result from the presence of species
[}

ﬁ&,‘ other than HCl if absorption due to the other species is
‘r*_ correlated to HCl absorption. The interfering species may
S . . . . .
\T be found in either the ambient atmosphere or in the Si>s
' H"v . . 3 . :
;t¥ exhaust cloud. Among atmospheric species, water vapor 13
.- h . 0 I . 3 3 - -«

Q?, the wonly species with signiticant absorption in the 2600-

- 2950 cm~t reyion. The STS exhaust c¢loud consists of HCI1

gas, water vapor, and aerosols consisting of water, Alzos,

" : and HCl. Since extinction due to aerosols is slowly varying
gg‘ with wavelengtn, modulation can only result from water vapor
2 and gaseous HCI1,.

el

i%}, Calculations were pertormed to estimate the amount
'Ez' ot modulation which results from varying the amount of water
Lot vapor 1in the path. By varying the amount of water vapor
W from 5 torr to 20 torr, the maximum amount of interference
t:: resulting from water vapor may be estimated. Figures 11-15
izs compare the modulation which results from different amounts
A of HCl while varying the spectral bandpass and correlation
f%ﬁ cell HCl colunn density.

;ES The atmospheric path length may also be varied to
k&i . estimate the modulation which results from interference Uy
f“" atmospheric gases. In Figures 16-21, the atmospheric path
-i;: . length is varied from 1 to 10 km for the same HCl column
zﬁi densities.,

2%: As these calculations indicate, interfering yases
TR poroduce little modulation for the 2770-2870 cm~! and 2690-

%;25 2850 cm~l bandpasses, but considerably greater modulation

jﬂjﬂ Eor the 2806-2948 cm'l bandpass. The amount of modulation

uﬂ% which vresults €from interference may be expressed as an
d equivalent. HCl colunn density. For an elevation in atmo-

B
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[ . :

- spheric water vapor partial pressure of 15 torr along a 2 km
»4# path, the modulation which results using a correlation cell

\Ki containing 2 atm-cm ot HCl is equivalent to 10 ppm-m of HCl

:&ﬂ for the 2770-2870 cm~! band, but 100 ppm-m of HCl for the
fi‘ 2806-2948 cm~l band. Modulation which may result from water
. vapor along 10 km paths may approach 1000 ppm-m as a worst
‘ga case for the latter bandpass. Selecting a correlation cell
4 with HCl column density of .25 atm-cm and a filter with
' . 2770-2870 cm~! bandpass will 1limit interference due to
:;: atmospheric gases along a 10 km path to 100 ppm-m of HCl for
:ﬁ a path free of HCl and 250 ppm-m for a path with 1000 ppm-m
*E of HCl present.

}P Table 3 presents a summary of equivalent HCl
;E column density resulting from interference modulation for

'it several selected cases.

Q8]

. ‘ 3. AIR TEMPERATURE EFFECTS

;ﬁi Since the molecular number density of air is re-

}Ef duced at elevated temperatures and the GFCS operating in

‘,q absorption mode detects HCl molecular c¢olumn density, to

:2 convert wmodulation to a column density expressed in ppm-m

;53 requires calibration for temperature. These calculations
;ﬁ have been performed assuming sub-Arctic winter, midlatitude
:} summer, and tropical model atmospheres with the HC1l at the

f\‘ ambient temperature of the model atmosphere (257 K, 294 K,

 §3 and 300 K, respectively). In addition to taking into ac-

ﬁ;ﬁ count air temperatures, these calculations consider the

! variation in water vapor partial pressure for the given
’_ model atmospheres. The results of these calculations are
2; presented in Figures 22-27.
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e SECTION 1V
"] PRELIMINARY INSTRUMENT FEASIBILITY STUDIES
8
R~
\:‘.4 A. USE OF INFRAMETRICS IMAGER DETECTING HCl1l EMISSIONS
[\
‘f The Inframetrics Model 525 3-5 um imager has been pro-
" posed as an imaging detector for use in an HCl GFCS. The
§ ' nominal specifications for the instrument are described in
& Table 4.
0.
ol TABLE 4. SPECIFICATIONS FOR INFRAMETRICS MODEL 525.
%
N
K
ks Minimum Detectable AT 0.2 C @ 300 K
5 Field of View 14° x 18°
-
2 Spectral Range, Nominal 3-5 um
L Detector HQCdTe
Detector Coolant LN2
~7 Frame Rate 30 Hz
::7': Resolvable Elements per Line 250
Lines per Frame 200
[nstantaneous Field of View 2 mr
0
P
&
2. When viewing a 300 K blackbody source, the minimum
detectable temperature (MDT) difference is 0.2 C. This
"'.: translates into a differential radiance of 1.4 x 10-6 w/cm2-
:.'j: sr, assuming a uniform 3-5 um spectral bandpass. Because
%
vy the MDT characteristic implies frame averaging over the eye
. integration time of 0.2 seconds, the single -frame noiseo
\]
% equivalent radiance (NER) is 3.5 x 106 w/cm2-sr.
ik Since the single frame NER is greater than the modula-
tion radiance expectad in emission mode, it 1is clear that
;'-j
p .- 43
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o
S? the Inframetrics imager will not be acceptable for emission
o mode operation. While frame-averaging over N frames has the
- potential to reduce the NER by Y N, changing radiance levels
;: within the scene will limit the usefulness of this approach
;g to very small values of N,
? One possibility for increased sensitivity which might
'ﬂ permit use of a commercial imager is to detect scattered
ﬁ solar radiation passing through an HCl cloud. The GFCS
> instrument operates in absorption mode when using this
source. Estimates of modulation which might result in this
é mode are calculated in the next section.
¥
B. SCATTERING OF SOLAR RADIATION
f_ Solar radiation may be scattered into the line of sight
‘; by aerosols in the launch cloud or ambient atmospheric aero-
:: sols. For an HC1 GFCS detecting atmospheric radiation,
) solar radiation scattered into the 1line of sight may bhe
greater in magnitude than radiation emitted by gases along
'5 the path. This provides the opportunity to increase the
§j modulated signal by viewing HCl1 absorption of scattered
:j solar radiation.
- There are two principal difficulties with this mode of
,s operation. First, the amount of solar radiation scattered
fs; into the 1line of sight 1is dependent on the scattering
‘7 angle. Only for small scattering angles (6 < 30 degrees)

will the modulation be sufficiently large to be useful.
Second, when using the STS launch cloud as the scattering
medium, it is difficult to quantify the gaseous HC1
concentration. Assumptions must he made concerning the
distribution of gaseous HCl relative to the aerosol. In
addition, for a launch cloud dense enough to provide reason-
able scattering, the large optical depth will mask absorp-

tion by gaseous HCl.
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Calculations were pertormed to estimate the amount of

radiation scattered into the 1line of sight by a cumulus
zloud background and a cloud of aerosol from a typical STS
launch,. The particle size distributions used to represent
the aerosols are presented in Figures 28 and 29. Mie scat-
tering calculations were performed to obtain the scattering
and extinction coefficients and phase functions for the two
cases. The refractive indices used in the cumulus cloud
case were those of liquid water, while a 4 M HC1l solution
was used to represent the shuttle launch cloud.

The results of the Mie scattering calculations served
as inputs to the computer code, FCLOUD (Reference 9). This
code predicts the amount of solar radiance scattered into
the line of sight by an ellipsoidal cloud. Figures 30 and
31 provide estimates of solar radiance scattered into the
path as a function of scattering angle for a cumulus cloud
background and an HCl1l aerosol cloud.

For a 15 degree scattering angle, the radiance scat-
tered into the path by a cumulus cloud background 1is ap-
proximately equal to 2.61 x 10~° W/cmz-sr-cm'1 at a wave-
length of 2809 cm~1, Assuming 2 percent modulation over a
100 cm~! bandpass, the modulated scattered path radiance is
equal to 5.2 x 1072 W/cm2-sr. However, it the scattering
angle increases to 60°, the path radiance decreases by an

order of magnitude. Since the radiance of a 300 K blackbody

at the same wavelength is 4.1 x 10-8 w/cmz-sr—cm'lc the

scattered radiance will dominate the emitted radiance.

Path radiance due to scattering by an HCl cloud at a 30
deyree scattering angle 1is equal to 6.5 x 10-8 W/cm2~sr-
cml. This is comparable to the emitted path radiance. As a
vesult, it appears that solar radiation scattered by an HC1
cloud 1is not 1likely to significantly increase the signal
available, but will need to be taken into consideration for

emission mode calibration.
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— SECTION V
o LABORATORY DEMONSTRATION OF GFCS IN ABSORPTION MODE

o

i

:3 A.  SYSTEM DESIGN
%;. Figure 32 displays a typical optical system design for
::z:( a GFCS operating in absorption mode. The optical path to
" P the retroreflector in the laboratory demonstration is ap-
. - proximately 5.5 m. In an actual field test, the optical
:Z:.::t path would be greater than 1 km. The main difference in
\” extrapolating lab results to field test performance pre-
:' dictions will be reduced source radiance at the detector dJdue
; to increased heam divergence (resulting mainly from retrore-
-?\\".:;f. flector imperfections) and reduced atmospheric transmit-
f:; tance.

L

A The source used in the GFCS is a halogen lamp. By
‘;- ad justing the voltage supplied to the filament, the operat-
;{}_:‘: ing tewmperature of the lamp may be varied over a range ex-
p: -}‘ tendingy from approximately 2000-3000 K. As the radiance
ne Etrom a 3000 K blackbody source is approximately 10% times
_: greater than ambient atmospheric radiance at 3.5 um ,
";‘ detected source radiance will be several hundred times
-:— greater than path radiance.

oy

_:;' B. SYSTEM PERFORMANCE

i

3: The GFCs was operated in a lab environment with cells
..3 containing various awounts of HCl used as samples. Both
) modulation and transmitted radiance were plotted as a func-
::{j tion of time. In the first series of tests, the system was
\.::,. operated with a 1.5 cm correlation cell filled with 25 kP of
f‘”: HCl and 75 kP of N,. This concentration of HCl is not to be
e
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used as a basls for estimating modulation, however, tor two
reasons:

iL. The procedure tor filling the cells introduces
uncertainties in partial pressure of HCl on the order of 10
percent, which is considerably greater than the uncertain-
ties in modulation due to instrument noise or interfering

gases.

2, The quantity ot HCl in the cell decreases with time
due to leakage and/or chemical reactions with the cell.

In an actual field test, the quantity of HCl would be
measured spectroscopically betore and after the test. This
technigue will allow much more accurate estimates of the HCl
concentration and establish limits on the reduction in HCl
with time. For the purpose of the laboratory demonstration,
however, this was not done.

Four sample cells were tillea with different quantities
of HCl to demonstrate the modulation which results trom
ditterent concentrations of HCl in the path. In addition,
several spectrally neutral attenuators were used to demon-
strate the instrument's response to noncorrelating attenua-

tion as would occur tor an aerosol cloud.

Figure 33 demonstrates the response of the GFCS to the
tour HCl sample cells. The GFCS displays signals which are
proportional to transmittance and modulation as a function
of time. The instrument is balanced initially by adjustingy
the yain of the amplifiers so that the signal recorded with
the correlation cell in place 1is equal to the signal with

the reference cell in place.
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The amount of noise in the detected signal can be ob-

4.y
-

served to be less than 0.1 percent of the total signal with

>
y

B no attenuator in place. The GFCS can be adjusted to inte-

grate the detected signal over time constants varying from 1

A

second to 60 seconds. In this manner, the signal-to-noise
. ratio can be improved by a factor equal to v60 . The modu-

s
‘w

N lation noise is about an order of magnitude greater, rela-
tive to the modulation signal, than the noise in the trans-

¥ l! ;'4".’.

- an

mitted signal. This is largely due to the difference in

two nearly egual signals.

-

i, k.;& 3y

The output of the GFCS with the insertion of the neu-
tral attenuators in the beam is presented in Figure 34. The

maximum modulation resulting from the presence of the at-

T

tenuators is approximately equal to the signal noise. Due
‘ o the short path length of the laboratory demonstration, it
N was not possible to calculate the discrimination ratio for
A interference by atmospheric gases such as water vapor. From
& theoretical calculations, the discrimination ratio should be
in excess ot 106 tor water vapor.

The modulation may be calibrated by varying the balance

X
- setting and observing the modulation signal and average
W transmitted energy signal. With the system in balance,
[
,l
*'i - —
. = 5
by e ™ 3 (5)
W5 and
e,
1a
?. Sb = IC + ab 'l'r {(6)
W where
]
\
)
; ap = amplitier setting with instrument balanced
i) . . .
' 8, = transmitted signal with instrument balanced
o
1
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e
HaN
L) "'_u'
o
;x’ With the systewm out of balance,
i
'?ﬁ
—s"-' S = 1 _ + a

b u c ur
¢ (7)
5l - - -

e = (1 - T T+
NN Mu ( c 4 r) / c aurr)
'.::s
o~

where

"

5 .
‘NN 4, = amplifier setting with instrument unbalanced

N

M, = modulation signal

?}E Sy = transmitted signal with instrument unbalanced

4:\-
:i: By appropriate substitution, the modulation signal may be

expressed in terms of the average transmitted signals, 5,

o and Sy
L
b :u"
axy - ~
e Mu = (Sy=8,)/sy (8)
r)- .
»%{‘ The calculated wodulation may then be compared to the
;ﬁj size of the signal as output by the GFCS. The result is a
ﬁ% 1.31 percent modulation per volt of output signal with the
' modulation gain set at 100 percent of full scale. If the
?ﬂ modulation gain is adjusted to a smaller scale, the modula-
liﬁ tion per volt would decrease proportionately. For example,
! :E it the mnodulation gain is set to the 20 percent of full-
—— scale setting, the calibration factor is 0.26 percent modu-
f? lation per volt of output signal.
t% Modulation may also be calibrated by measuring the
_;ﬁ voltage .roma the detector with an oscilloscope and solving
—
-
N
1o
R
" 57
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the equation for modulation. Using this technique, a modu-

A lation of 1.45 percent/volt was estimated. This technique
) is only accurate to about 20 percent, however, since the
:z uncertainty in each signal as read from the oscilloscope is
i% approximately 15 percent of the difference between the siy-
- nals.

. The modulation measured by the GFCS may be compared to
v the modulation predicted in the theoretical calculations to

demonstrate the linearity of the system. Figures 35 and 36
, provide two examples of the modulation comparisons. Note
) that the primary uncertainty is in the theoretical modula-

tion, which results from not knowing the exact quantity of

-

HCl in the correlation cell and sample cells. In an actual

-

[} Y >
S PARRENTRT L VY S

field experiment, very accurate measurements of HCl concen-
trations would be made both before and after the test.

It is important to recall that modulation is a non-
linear function of HCl column density. As a result, meas-
oy ured modulation must be related back to the theoretical
curves of modulation versus HCl column density for quanti-
» tying HCl. In an actual field test, the appropriate cali-
bration curves would be called up by a computer program
interfaced to the GFCS to display HCl concentrations in real

W time. The computer could also compensate for variations in
a path length, temperature, water vapor concentration, correl-
ation cell HC1l concentration, and spectral bandpass. .

oL -

A potential source of error which must be recognized in

»
LA 9 B )
”

actual field operation is scattering of modulated source

radiation into the detector field of view. Figure 37 dem-
onstrates the potential problem. Although system design can
minimize the amount of scattered radiation detected, 1i*

cannot be completely eliminated.
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The presence of such scattered radiation causes the

modulation function to become

" = (Tac + SIC) - (Tt _+S)
(t +ST ) + a,’ (“ra+s)
(9)
- rac“alrr(a t s (tc - alrr)
T 4a,. Tt T + 5 (T + oa, 1)

where

Tan = band average transmittance for atmospherz-correl-
¥ ation cell path

?a = band average atmospheric transmittance

?C = band averaye correlation cell transmittance

?r = band average reference cell transmittance

a; = amplitier gjain used tor balancing
S = scattering parameter

I1f the system is balanced, ?C = al?r anu the scatierc-

ing term in the numerator cancels out. Therefore, no t.ise
modulation will result from inclusion of this term. How-
ever, the scattering term will always cause the total de-
tected signal (the denominator) to be larger than would be

the case in the absence of scattering. As a result, the

e
. modulation will be undercstimated. This can be taken into
'\ . . .

{ﬂ account, however, in instrument calibration, with the com-
%)

;” puter fitting the calibration points to a theoretical cali-

hration curve with S as an error parametelr.
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o The performance of the GFCS in a laboratory environment
N way be measured by a number of different figures-of-merit.
e Table 5 summarizes these objective indicators of the sys-
’*{_, tem's performance. The system performs within an order of
magnitude of the best GFCS systems constructed for scien-
titic applications which utilize rotating wmirrors instead ot

:"' a rotating gas cell and have higher throughput.
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"::; TABLE 5. PERFORMANCE ESTIMATES OF GFCS IN LABORATORY
L TESTS. CONDITIONS: 2770-2870 cm~! BANDPASS

F Noise-equivalent modulation 4 x 1073
Noise-egquivalent HC1l column density 10 ppm-m
1 Interference modulation (max.) <10~4
;ES Signal-to-noise @ 1540 ppm-m HC1 158
s Estimated minimum detectable HC1 30 ppm-m

- Discrimination ratio, HCl vs Hy0 (theoretical) 106
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o SECTION VI

» FIELD SYSTEM DESIGN

The results of the laboratory test and theoretical
. calculations way bhe combined to estimate tie performance ot
several alternate designs for field systems. Three difter-

ent field system configurations were studied:

. 1. A high-seasitivity gas filter correlation imajer

Jetecting HCl emissions,

P ]
LS ST A

2. A high-sensitivity gas filter correlation imager

detectingy HCl absorption of solar radiation scattered into

'i the tield of view, and
-
0 3. One or more gas filter correlation spectrometers

and an array of retroreflectors deployed so as to measure
1 HCl absorption along a number of lines of sight.

The relative advantages and disadvantages of each ot

N these systems are described below.
§ A. HIGH-SENSITIVITY IMAGER OPERATING IN EMISSION MODE
’g A carefully designed instrument can detect HCl emis-
e sions for ambient temperatures near 300 K. Such a systenm
&. requires a high etendue, maximum spectral bandpass, sSlow
t sampling rate, and high mechanical stability. A nonimaginy
ﬂ sensor operating in emission mode has been developed (Ret-
o crence 10) with the ability to detect HCl at a theoretical
& level of 300 ppm-m. The specifications for such a systen J
Ay are described in Table 6.

!
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S TABLE 6. SPECIFICATIONS FOR GFCS OPERATING IN EMISSION
ut MODE FOR HC1 DETECTION, PRODUCED BY BARRINGER
" RESEARCH, LTD. (REFERENCE 10),
‘!
-
i)
o Detector Thermoelectrically cooled (243 K) PopSe
o, Detector area .04 cm?
i p* 7 x 10°
i X
3” Responsivity 104 v/w
b
b Detector solid angle 0.63 sr
A Optical transmission 0.033
4 . -
:xj Light etendue 3.3 x 1074 cm? sr
e System bandwidth 0.16 Hz
o Spectral filter center 3.6 um
A Spectral bandwidth 0.15 pm
ﬁf Min. detectable gas 300 ppm-m
jv Noise equiv. radiance 4.9 x 1078 w/cmz—sr
3
) To operate as an imager with reasonable sensitivity,
gl the sensor must scan along a line perpendicular to the mo-
;) tion of the cloud, with the scan line forming a gate through
L which the c¢loud must pass. The composite scan lines then
;l: form an image of the cloud. This procedure is illustrated
8 . .
2y in Figure 38.
AN
Lo ¥
g Sseveral design modifications may be made to improve
Qi sensitivity for use in imaging mode. For example, eliminat- .
;% ing beam splitters and using a PbS detector cooled to 77K
- will increase sensitivity considerably. The design specifi-
g cations are listed in Table 7.
3
7 The theoretical performance of the imager described
2
‘j above may be estimated by computing the noise equivalent
2‘ power (NEP) and comparing this to the in-band modulation
T power reaching the detector., The NEF may bLe computed from:
'-I
1%
A
‘B 66
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TABLE 7. DESIGN SPECIFICATIONS FOR HIGH-SENSITIVITY LINE
SCANNER FOR HCl1l DETECTION.

P,
I

4
Iy
L's
1

. “..“
¢¢;)fff

RS |

W, SR

Detector LN, cooled (77k) PbSs

o

X
o
2y

Detector area .0016 cm2

-

D* 1 x 1011 .

]
=

Bandpass 3.5 - 3.7 um

)

FELE

‘J
[

£ .

Field of view 0.5 radians

"
, \‘.‘:

IFOV 4.0 mr

Optics S cm, f/2, 50% transmittance

System Bandwidth 100 Hz

‘e 68
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2 "Byt -8
3y NEP = —z— = 2.5 x 107" W (10)
1
1
A
i
3 where
e
&
Al A
. A4 = area of detector
W € = bandwidth
‘X 1
&:
WS The in-band modulation power, assuming a 1000 ppm-m HCl
\
4 concentration viewed against a clear, ambient background
% through a gas cell containing 2 atm-cm of HCl at 294 K is
éj 9.3x10~8 w which implies a signal to noise ratio of 4.
T
?3 An alternate design would involve replacing the single
Qetector with a linear detector array. This would permit
Si the sensitivity to be improved by VN, where N is the number
ji ot detectors. This design would increase both the cost and
o the technological risk of such a system, however.
A5 Since the amount of modulation detected in emission
{j mode is smaller than the amount of modulation in absorption
3 mode, th2 siygnal to noise ratio and minimum detectable HCl
DO quantity will be poorer than in absorption mode. Calibra-
i_ Lion problems will also exist, since aerosols in the shuttle
j} exhaust cloud will tend to mask HCl emissions, resulting in
jx an underestimation of HCl. There is also an ambiguity which
Y results from broadband emission and scattering sources in
kY the path versus increased temperature of atmospheric gases
,\3 in the path. As emission mode operation requires very ac-
X curate measurements of temperature along the path for cali-
D
L/

bration, the presence of a high optical depth aerosol cloud

-
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which scatters solar radiation into the line of sight can

\ make it impossible to measure the temperature radiometrical-
8] ,
}:.1 1 Yo

The difticulties in calibratingy the GFCS operating in

O emission mode can be otfset somewhat by modeling the aerosol
A e and environment and including these parameters in caliora-
!ﬁﬁ tion calculations. However, such a procedure introduces
14ﬂ: s1gnificant uncertainties in the final result.

L

The use of a GFCS in emission mode should therefore be

Mo assumed to provide an indication that a minimum level of HC1
%E is present rather than an accurate quantification of tne
[ amount present.

Lr

r{\ B. GFCS DETECTING SCATTERED SOLAR RADIATION

i%ﬁ The GFCS detecting scattered solar radiation would be
o) designed similar to the GFCS for emission mode operation,
A but the system would view a brightly lighted cloud back-
ﬂ: ground rather than a cold sky background for maximum sensi-
'é} tivity. The geometry is described in Figure 39.

15' Assuming a 15-degree scattering angle, the modulation
f:_ power reaching the detector for this system is 5.2 x 1072
{ﬁé w/cmz-sr, which implies a signal-tn-noise ratio of 2000 tor
ffﬁ a 1000 ppm~m HCl1l cloud. For a 60-degree scattering angle,
}'; the signal-to-noise ratio is reduced by a factor of 10.
2L Both sets of calculations assume a cumulus cloud with an
ayé optimal particle size distribution to maximize solar scat-
;ﬁ{ tering.

Wy

PN Solar scatter mode has the advantage that the GFCS
:Eﬁ system operates in absorption mode. Therefore, calibration
5:§ is considerably easier than for emission mode operation.
Lo However, the requirement that a brightly lit cloud back=-
;;_ ground be present is 1 formidable disadvantage. In addi-
5
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tion, the signal-to-noise ratios may vary across a s:ene
depending on the c¢loud backyground. It may therefor: bhe
difficult to quantify the sensitivity of the instrument.

C. GFCS OPERATING IN ABSORPTION MODE ALONG SEVERAL LINES

OF SIGHT

The alternative with the least technological risk and
the potential tor maximum sensitivity to HCl is to deploy an
array ot retroretlectors dand one or qore GFCS instruments %
measure HCl concentrations alony several lines of sight.
The system can involve a single GFCs which scans over sever-
al lines of sight or one GFCS instrument per J .ne of sight.

Figures 40 and 41 illustrate the two ygeometries.

The output from the GFCS instrument(s) can be digitized
and processed by computer to display a plot of HC1l concen-
tration protile versus time. The sensitivity of the systeir
should be comparable to or better than the sensitivity re-
corded in the 1laboratory, which indicated better than 30
ppm-m of HCl was detectable. Interterence by water vapor
over a 1 km path is less than 40 ppm-m equivalent HCl con-
centration, and this can be compensated tor by the comgater
program. A tew design modifications {(using a cooled Phs
detector, improving mechanical stability and system throuujgh-
put by using a rotating mirvor rather than a rotating gas
cell, obtaining an interference filter with bandpass trom
2690~2870 cm~!) should more than offset the loss i1 sensi-

tivity caused by goinyg to longer path lenygths.

The major difficulty with this approach is that it
requires appropriate geometry for setting up the GFCS lines
ot sight and deployment of the system in advance of the
launch., [t the wind direction should change atter deploy-
ment of the retroretlectors, the shuttle exhaust c¢loud may

miss the lines of siqght entirely. In addition, HCl detec-

72
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S tion could only »ne done near ground level unless the site

e geometry 3at VAFB were favorable.

i

e

y D.  SUMMARY

._-

« ) Tne relative advantages and disadvantages of each in-

E 3, . . . . .

AN struinent 13are summarized 1in Table 8. In addition, a com-
.i - 13 . . . 3 1]

}.:r{ parison of predicted sensitivity of each instrument is pro-

! -i..'}' vided in Table 9,

Complicated trade-offs appear to exist when balancing
~;f-'}: instrument sensitivity, technological risk, ease of use,
N cost and system reliability in evaluating alternative de-
‘:.~'» signs. Gas tilter correlation instruments have been proven
to be useful for HC1 detection operating in all three modes
" .

:‘”_ (emission, solar source absorption, GFCS source absorption).
;:}:i ¥rom the standpoint of sensitivity and technological risk,
» “' the wmultiple LOS GFCS system appears best. From the stand-
. point of ease of use in a field test, a system detectingy
1)
\ . s L :
’:::g either Cl emissions or scattered solar radiation is
;::::: preferved.
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SECTION VII

N CONCLUSIONS AND RECOMMENDATIONS

R

s 1, A yas tilter correlation approach for HCl detection

z should utilize the P-branch HCl lines located from 2690-287V

\ cn~l tor maximum sensitivity and minimum interference by

% - atmospheric species. The minor interference which results

_t from water vapor molecules over paths several km in lenygth

v . can be removed by modeling the environment, particularly it

Q relative humidity is known.

2

;3 2. Correlation cell HCl concentration should be ad-

s justed so that the path-integrated HCl partial pressure is

. between V.25 atin-cm and 1.0 atm~cm. The total pressure aad

¥ temperature in the gas cell should be near ambient. Larger

< quantities ot HCl may be used to maximize sensitivity, while
smaller quantities will maximize specificity to HCl.

.

? 3. HC1l quantities of 500-10,000 ppm-m are expected to

3 be present for typical lines of sight through the STS ex-

‘ haust cloud. The fraction of the HCl found in the gaseous

& phase is expected to vary between 20 percent and 70 percent

»g of total HCl, depending primarily on relative humidity.

5

by 4, Commercial 3-5 um infrared imagers such as the

. Intrametrics Model 525 cannot provide sufficient sensitivity

? to detect HCl emissions.

'

A 5. Detecting HCL absorption of solar radiation scat-

1{ tered by a cloud background 1is possible with commercial

§ imagers, but the sensitivity will be low (approximately 500-

R 1000 ppm-m) except under extremely fortuitous conditions.

[n addition, the requirement that a bright cloud backgrouna
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be present imposes severe constraints on the instrument's

usefuiness,

6. A laboratory demonstration of a GFCS detecting HC1
absorption of radiation from a halogen lamp indicates sensi-
tivity adequate to quantify HC1l at the 30 ppm~m level. The
instrument, when properly balanced, is able to discriminate
hetween HCl absorption and broadband absorption. Improve-
ments which might be made to maximize sensitivity to HC1
should more than offset the reduction in sensitivity re-
sulting from operation over paths greater than 1 km 1in

length.

7. An imaying GFCS with high sensitivity to HCl can be
designed to detect HC1 emissions at the 250 ppm-m level.
This sensor would operate by scanning the HCl cloud perpen-
dicular to the ettective wind vector, creating a gatoe
through which the c¢loud must pass. The 250 ppm-m sensi-
tivity level 1is the maximum theoretically possible. An
actual system might be a factor of 2-5 poorer in operation.
Replacing the single Jdetector element with a linear detector
array can improve the sensitivity of this approach by a
tactor of 10, permitting, theoretically, detection ot 25
ppm-m of HCl. Using a linear detector array would sub-
stantially increase Loth the cost and technological risk,

nowever.,.

8. Due to maskiny by aerosols, quantifying HCl levels
in emission wmode may be ditficult. It is expected that
emission mode operation will at best provide an indication

that the quantity of HC1l present is above some threshold.
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" 9. The possibility exists that solar radiation wmay be
'y scattered by aerosols in the atmosphere or STS exhaust cloud
into the line of sight. This complicates calibration when
. Jetecting HC1l emissions. The presence of a cloud backyround

i also introduces the possibility that a modulation reversal

ﬂ' might take place, resulting in the detection ot HCl absorp-
(4 . o
iﬂ ' tion rather than emission.

. 10, Detection ot scattered solar radiation from a cloud
Tj backyround provides added sensitivity tor a GFCS systerm, but
‘j regquires an optimal geometry between the instrument, sun,
‘“i cloud background, and STS launch cloud.
J
‘% I1l. A GFCS instrument detecting HC1l absorption of rca-
:x diation trom a halogen lamp along several lines of sigit
A provides maximum sensitivity and minimum technologjical risk,

but complicates the ftield test since an array of cetrore-

e flectors or sources must be deployed prior to the launch.
~..' K3 0 . » ] .
D The site yeometry also limits the atility of this approach.
)\ 3 3 . . . .
J 12, 1t 1is recommended that «ither a high-sensitivity
\? sensor capable of detecting either HCl emission or HCl ab-
‘PD
o sorption of scattered solar radiation be developed, or a
:f multiple-LOS GFCS transmissometer system be employed. The
A tina. decision should Le based on the available site geo-
1? metry and the levels of HCl detection required by the Air
1%
' Force.
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0 APPENDIX A
l
Ly
o
‘ Transmittance spectrum of HCl superimposed on a 10 km
“, midlatitude summer model atmosphere absorption spectrum.
:; The spectral region extends from 2500 cm~! to 3120 cm~1l,
B
% corresponding to the fundamental vibrational absorption band
o of HCl.
:ﬂ Solid 1line: Transmittance for a 10 km path through a
;: standard midlatitude summer atmosphere at sea level,
o8 temperature = 294 K, pressure = 1013 mb.
[ € Dashed line: Transmittance through a cell containing
K]
1.0 atm-cm HC1l at 294 K and 1013 mb pressure.
if
i These plots were produced by FASCOD 1B (Reference 6).
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